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(57) ABSTRACT

The present disclosure pertains to a method and system
configured for cough synchronization 1n a mechanical imnsui-
flation-exsufllation system. The system i1s configured to
synchronize (712) the transition from an mnsufllation mode to
an exsuflllation mode to a patient initiated cough by detecting
cough eflort of the patient e.g. at the end of the msufilation
phase. The detection of cough eflort of the patient 1s based
on one or more parameters associated with gas in the system.
Upon detecting that the patient 1s initiating a cough, the
system automatically switches the insufllation mode to the
exsulllation mode to assist the patient to generate an eflec-

tive cough.
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1
MECHANICAL IN-EXSUFFLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the priority benefit under

35 US.C. § 371 of international patent application no.
PCT/EP2016/0707209, filed Aug. 26, 2016, which claims

the benefit of European Patent Application No. 15188078.8,
filed on Oct. J2, 2015, and also claims the priority benefit
under 35 U.S.C. § 119(e) of U.S. Provisional Application
No. 62/210,111, filed on Aug. 26, 2013, the contents of each

of which are herein incorporated by reference.
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FIELD OF THE INVENTION b

e

The present disclosure pertains to a mechanical insuilla-
tion-exsuillation configured to synchromize a patient-initi-
ated cough with a transition from an msuftlation cycle to an ,,

"y

exsulllation cycle.

BACKGROUND OF THE INVENTION

US 2007/0199566 discloses a respiratory device that can 55
perform mechanical ventilation and/or mexsuiflation. The
respiratory device can include a mechanical medical venti-
lator, a sensor, a display and a processor. The mechanical
medical ventilator assists a patient with the respiratory
cycle. The sensor can measure an intra-thoracic respiratory 30
parameter during the respiratory cycle. The display can
display a graphical representation that dynamically depicts
at least one of a patient’s lung or thorax based on the
intra-thoracic respiratory parameter in real-time during the
respiratory cycle. The processor can update the graphical 35
representation on the display in real-time based on the
respiratory parameter. The processor updates the graphical
representation to depict at least one of an expansion or a
contraction of at least one of the lung or thorax during the
respiratory cycle. Inexsufllators are used to simulate a natu- 40
ral cough to remove secretions 1n the patient’s lungs and air
passages.

US 2011/0220107 discloses a system and method of
insuiilating-exsutilating a subject that enables monitoring
and/or control over an enhanced set of breathing parameters 45
during insufllation/exsuillation. The system and/or method
may include automatic triggering and/or notification to a
caregiver of 1nsulllation-exsuillation. The sufllation-
exsulillation of the subject may be preceded by a secretion
loosing routine that loosens secretions 1n the airway of the 50
subject without moving the loosened secretions up the
alrrway.

US 2012/0111329 discloses a device for assisting a cough,
based on an oscillation pressure. The oscillation pressure
causes a periodic oscillation airtlow 1n a lung system and the 55
periodic oscillation airflow comprises an oscillation exha-
lation airtflow and an oscillation inhalation airflow. The
device comprises a controlling unit, and the controlling unit
comprises: a {irst determining unit for determining whether
an 1inhalation of the lung system 1s complete, so as to control 60
a valve which 1s to be closed for 1solating the lung system
from the external environment, a second determining unit
for determining whether an internal air pressure in the lung
system 1s larger than a pre-defined pressure threshold, and a
detecting unit for detecting the start of the oscillation 65
exhalation airflow, so as to control the valve which i1s to be

opened for starting a cough.

2

A mechanical in-exsufilator (M I-E) 1s a vital tool for
invasive and non-invasive secretion management i pulmo-

nary critical and/or re-habitational environments. In order to
improve M I-E therapy eflicacy and patient comfort, clini-
cians 1nstruct the patient, who has intact cough reflex
response, to actively cough as the M I-E device switches
from the insufilation phase to the exsufllation phase. The
primary method to synchronize the patient’s cough eflort
with the transition of the M I-E device 1s a verbal instruction,
where the clinicians instruct the patient to cough 1mmedi-
ately betore the M I-E device 1s ready to switch from the
insuillation phase to the exsufllation phase. Some patients
struggle to follow the verbal instruction to synchronize the
cough due to the slow and/or varying reflex of the laryngeal
maneuver required to generate an eflective cough.

There 1s no eflective way currently to synchronize the
patient’s cough cifort with the transition of the M I-E device
from the isuillation phase to the exsufllation phase. Most
clinicians relay on the patient’s ability to follow a verbal
command to cough, which often leads to a little or no
success. Some M I-E device offers an auditable beep before
switching to the exsufllation phase; however, feedbacks
from the clinicians indicate that such audible beep 1s 1net-
tective due to the patient’s 1nability to coordinate the laryn-
geal maneuver to the audible beep.

SUMMARY OF THE INVENTION

Therefore, there 1s a need to provide an improved solution
to help the patients to cough immediately when the M I-E
device switches from the insufllation phase to the exsuilla-
tion phase. The mvention 1s defined by the independent
claims. The dependent claims define advantageous embodi-
ments.

The present disclosure relates to a method and system that
dynamically synchronizes a patient’s cough with the tran-
sition of an M I-E device from the insufllation phase to the
exsuillation phase by momitoring the patient’s cough eflort
¢.g. during and/or after the imnsutllation phase. In addition to
the capability of operating between the insufilation phase
and the exsufllation phase 1n accordance with a fixed interval
configuration, a cough synchronization mode 1s provided to
automatically switch the M I-E device from the insutilation
phase to the exsuillation phase once the patient’s cough
cllort 1s detected. The Cough triggering based exsuillation of
the present invention improves the patient comifort and
therapy eflectiveness due to improved synchronicity.

Accordingly, one or more aspects of the present disclosure
relate to a system configured for cough synchromization. The
system comprises a pressure generator, a subject interface,
one or more sensors, and one or more processors. The
pressure generator 1s configured to generate a pressurized
flow of breathable gas for delivery to an airway of the
subject the pressure generator configured to operate 1n an
insuiilation mode and an exsufllation mode. The subject
interface 1s configured to place the pressure generator in
fluid communication with the airway of the subject. The one
or more sensors are operatively coupled to the subject
interface and configured to generate one or more output
signals related to one or more parameters associated with the
gas 1n the subject interface. The one or more processors are
operatively connected to the one or more sensors to receive
the output signals and configured by machine-readable
instructions to compare the one or more parameters associ-
ated with the gas in the subject interface with one or more

reference values that indicate cough efl

ort by the subject;
determine an imtiation of a cough by the subject based on
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the comparison; synchronize a transition of the pressure
generator from the msufflation mode to the exsufllation

mode with the imitiation of the cough by the subject; and
control the pressure generator to generate the pressurized
flow of breathable gas for delivery to the airway to exsuillate
the subject.

Another aspect of the present disclosure relates to a
method for cough synchronization 1n a system. The system
comprises a pressure generator, a subject interface, one or
more sensors, and one or more processors. The processor
comprises a control component, a parameter analysis com-
ponent, a decision component and a synchromzation com-
ponent. The method comprises generating a pressurized flow
ol breathable gas for delivery to an airway of the subject
with the pressure generator, the pressure generator config-
ured to operate 1n an msufllation mode and an exsufllation
mode; communicating the pressurized tlow of breathable gas
to the airway of the subject with the subject interface;
generating output signals related to one or more parameters
associated with gas 1n the subject interface with the one or
more sensors; receiving the output signals with the one or
more processors; executing machine-readable instructions
with the one or more processors, wherein the machine-
readable 1nstructions comprise comparing the one or more
parameters associated with the gas in the subject interface
with one or more reference values that indicate cough effort
by the subject; determining an 1nitiation of a cough by the
subject based on the comparison; synchronizing a transition
ol the pressure generator from the insufllation mode to the
exsuillation mode with the imitiation of the cough by the
subject; and controlling the pressure generator to generate
the pressurized flow of breathable gas for delivery to the
arrway to exsuillate the subject.

These and other objects, features, and characteristics of
the present disclosure, as well as the methods of operation
and functions of the related elements of structure and the
combination of parts and economies ol manufacture, will
become more apparent upon consideration of the following
description and the appended claims with reference to the
accompanying drawings, all of which form a part of this
specification, wherein like reference numerals designate
corresponding parts 1 the various figures. It 1s to be
expressly understood, however, that the drawings are for the
purpose of 1illustration and description only and are not
intended as a definition of the limits of the disclosure.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 illustrates an exemplary embodiment of a system
configured to synchronize a cough of a subject with an M I-E
exsuillation cycle;

FIG. 2 illustrates an exemplary embodiment of cough
synchronization based on a pressure wavelorm associated
with breathable gas 1n a subject interface communicated to
an airway ol a subject;

FIG. 3 illustrates an exemplary embodiment of cough
synchronization based on a tlow waveform associated with
breathable gas 1n the subject interface communicated to the
airrway ol a subject;

FIG. 4 illustrates an exemplary embodiment of cough
synchronization based on a volume waveform associated
with breathable gas 1n the subject interface communicated to
the airway of a subject;

FIG. 5 illustrates an exemplary embodiment of cough
synchronization based on a pressure wavelorm slope asso-
ciated with breathable gas in the subject interface commu-

nicated to the airway of a subject;
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FIG. 6 illustrates an exemplary embodiment of cough
synchronization based on a flow waveform slope associated

with breathable gas 1n the subject interface communicated to
the airway of a subject;

FIG. 7 illustrates an exemplary flowchart of the process
for cough synchronization; and

FIG. 8 illustrates another exemplary flowchart of the
process for cough synchronization.

DETAILED DESCRIPTION OF
EMBODIMENTS

EXEMPLARY

U - B 4 4

As used herein, the singular form of “a”, “an”, and “the”
include plural references unless the context clearly dictates
otherwise. As used herein, the statement that two or more
parts or components are “coupled” shall mean that the parts
are joined or operate together either directly or indirectly,
1.€., through one or more intermediate parts or components,
so long as a link occurs.

As employed herein, the statement that two or more parts
or components “engage” one another shall mean that the
parts exert a force against one another either directly or
through one or more intermediate parts or components. As
employed herein, the term “number” shall mean one or an
integer greater than one (1.e., a plurality).

Directional phrases used herein, such as, for example and
without limitation, top, bottom, lett, right, upper, lower,
front, back, and derivatives thereot, relate to the orientation
of the elements shown 1n the drawings and are not limiting
upon the claims unless expressly recited therein.

FIG. 1 1llustrates an exemplary embodiment of system 10
configured to synchronize a cough of a subject with an M I-E
exsuillation cycle. In some embodiments, system 10 com-
prises a pressure generator 14, a subject 111terface 16, one or
more sensors 18, one or more processors 20, a user interface
22, one or more electronic storages 24, and/or other com-
ponents. System 10 1s configured to monitor the gas in
subject interface 16 communicated to the airway of subject
12, and determine whether subject 12 1s attempting to cough.
System 10 1s further configured to automatically switch from
the msutllation mode to the exsutillation mode upon deter-
mining a cough eflort of subject 12 to exsuillate subject 12.
System 10 1s configured to dynamically control the cough
synchronization in one or more therapy cycles with no need
to manually configure and/or re-configure general settings of
the pressurized flow such as, for example, pressure ampli-
tudes, a frequency range, and/or other parameters of the
pressure waveform.

Pressure generator 14 1s configured to operate i an
insuiilation mode and an exsufllation mode. In the 1nsuifila-
tion mode, pressure generator 14 generates a positive pres-
surized flow of breathable gas to deliver to the airway of
subject 12, 1.e., mflow to subject 12. In the exsufllation
mode, pressure generator 14 generates a negative pressur-
1zed flow of breathable gas to draw gas from the airway of
subject 12, 1.e., outtlow from subject 12. In some embodi-
ments, the duration for each of the insufllation phase and the
exsulllation phase may be configured in accordance with the
inexsuillation therapy requirement. For example, the dura-
tions for the msufllation phase and the exsufllation phase
may be configured to be a same time period. In some
embodiments, the msuillation phase may be maintained for
an arbitrary duration until a cough eflort of subject 12 1s
determined, which automatically triggers a transition to an
exsulillation phase. Pressure generator 14 may be configured
such that one or more parameters associated with the pres-
surized flow of breathable gas 1n addition to and/or other
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than pressure are adjustable. The one or more parameters
may 1nclude, for example, one or more of volume, flow rate,
temperature, gas composition, velocity, acceleration, and/or
other parameters.

Pressure generator 14 receives a gas flow from a gas
source, such as but not limited to the ambient atmosphere
(indicated by an arrow A 1n FI1G. 1) and elevates the pressure
of the recerved gas tlow for delivery to the airway of subject
12. Pressure generator 14 may include any device that 1s
capable of elevating the pressure of the received gas tlow for
delivery to the airway of subject 12, for example, a pump,
blower, piston, or bellows. In some embodiments, pressure
generator 14 may further include one or more valves for
controlling the pressure, flow rate, flow direction, oscillation
frequency, and/or other parameters associated with the
received gas flow. The present disclosure contemplates
controlling the operating speed of the blower, for example,
either alone or 1n combination with the one or more valves
and/or other devices contained in and/or external to pressure
generator 14, 1n order to control the pressure and/or tlow of
gas provided to subject 12. For example, pressure generator
14 may control the pressure direction of the flow of gas to
be positive during the insufllation phase such that the gas 1s
delivered to the airway of subject 12, and control the
pressure direction of the flow of gas to be negative during
the exsuillation phase such that the gas 1s drew from the
airway ol subject 12.

Pressure generator 14 may control the pressure level of
the flow of gas at a first pressure level during the mnsufilation
phase. The first pressure level 1s set such that the lungs of
subject 12 are at least partially filled during mnsufilation. At
the end of the insufilation phase, pressure generator 14
reduces the pressure level of the flow of gas and switches to
the exsuillation phase. Pressure generator 14 may control the
pressure level of the flow of gas at a second pressure level
during the exsufllation phase. The second pressure level 1s
lower than the first pressure level, and the abruptness of the
pressure decrease from the first pressure level to the second
pressure level 1s suflicient to remove mucus and/or other
debris from the airway and/or lungs of subject 12. The
second pressure level may be a negative pressure below an
atmospheric pressure. Pressure generator 14 may return to
Zero pressure phase, 1.e., pause mode, after the exsuiilation
phase, and reset the pressure level of the flow of gas to the
first pressure level to prepare for another inexsufllation
therapy. Pressure generator 14 may perform one or more
cycles of immexsufllation i accordance with the therapy
requirement. In some embodiments, pressure generator 14 1s
a device dedicated to inexsufllation. In some embodiments,
pressure generator 14 1s a ventilator and/or positive airway
pressure device configured to provide therapy other than
and/or 1n addition to mexsufllation.

Subject interface 16 1s configured to interface with the
arrway ol subject 12 and provide fluid communication
between pressure generator 14 and the airway of subject 12.
In some embodiments, subject interface 16 comprises a
conduit 30, an interface appliance 32, and/or other compo-
nents. Conduit 30 1s configured to form a transmission path
for the pressurized flow of breathable gas to be delivered to
interface appliance 32. Interface appliance 32 1s configured
to deliver the received gas to the airway of subject 12.
Conduit 30 may be a flexible length of hose, or other
conduit, that places interface appliance 32 1n fluid commu-
nication with pressure generator 14. Interface appliance 32
may be removably coupled to condwit 30 and/or other
conduits and/or other interface appliances used to deliver
respiratory therapy to subject 12. In some embodiments,
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interface applhiance 32 1s non-invasive. As such, interface
appliance 32 non-invasively engages subject 12. Non-1nva-
sive engagement includes removably engaging an area (or
areas) surrounding one or more external orifices of the
airrway of subject 12 (e.g., nostrils and/or mouth) to com-
municate gas between the airway of subject 12 and subject
interface 16. Some examples of non-invasive interiace
appliance 32 may include a blow tube, a nasal cannula, a
nasal mask, a nasal/oral mask, a full face mask, a total face
mask, or other interface appliances that communicate a flow
of gas with an airway of a subject. In some embodiments,
interface appliance 32 1s mvasive. Some examples of 1mva-
sive interface appliance 32 may include endotracheal tubes,
tracheostomy tubes, and/or other devices. The present dis-
closure 1s not limited to these examples, and contemplates
delivery of the flow of gas to the subject using any interface
appliance.

Although subject interface 16 1s illustrated 1n FIG. 1 as a
single-limbed interface for the delivery of the pressurized
flow of gas to the airway of subject 12, this 1s not intended
to be limiting. The scope of the present disclosure comprises
double-limbed configuration, where one of the double-
limbed configuration provides the pressurized tlow of gas to
the airway of the subject and another of the double-limbed
configuration exhausts gas from the subject.

Sensors 18 are configured to generate output signals
related to one or more parameters associated with gas in
subject interface 16. Sensors 18 are operatively coupled to
subject 1terface 16 to collect data related to the real-time
measurements ol the one or more parameters. The one or
more parameters may comprise flow rate, pressure, volume,
temperature, humidity, velocity, and/or other gas parameters.
Sensors 18 may be configured with an integrated sensing
function to collect the real-time measurements for the one or
more parameters. In some embodiments, sensors 18 may
comprise one or more sensors, each of which performs a
sensing function directed to a specified parameter. Sensors
18 may generate output signals related to the real-time
measurements of the one or more parameters associated with
gas 1n subject interface 16 based on an operating parameter
of the pressure generator 14 (e.g., a motor current, voltage,
rotational velocity, and/or other operating parameters), but
the present disclosure 1s not intended to be limiting.
Although sensors 18 are illustrated at a single location
within (or 1n communication with) conduit 30 between
interface appliance 32 and pressure generator 14, this 1s not
intended to be limiting. Sensors 18 may include sensors
disposed 1n a plurality of locations, such as for example,
within pressure generator 14, within (or 1n communication
with) interface appliance 32, and/or other locations. Sensors
18 may be configured with wireless communication capa-
bilities to transmit the output signals.

Processor 20 1s configured to receive the output signals
from sensors 18 and process the real-time measurements
related to the one or more parameters read from the output
signals. Processor 20 may include one or more of a digital
processor, an analog processor, a digital circuit designed to
process information, an analog circuit designed to process
information, a state machine, a transmitter, a receiver, and/or
other mechanisms for electronically processing information.
Although processor 20 1s shown 1n FIG. 1 as a single entity,
this 1s for illustrative purposes only. In some 1implementa-
tions, processor 20 includes one or more processing units.
The one or more processing units may be physically located
within a same device, or processor 20 may represent pro-
cessing functionality of a plurality of devices operating 1n
coordination.
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As shown 1n FIG. 1, processor 20 may be configured to
execute one or more computer programmed components.
The one or more computer programmed components may
comprise a control component 40, a parameter analysis
component 42, a decision component 30, a synchronization
component 52, a data processing component 26, a commu-
nication component 28, a reference component 34, and/or
other components. The parameter analysis component 42
may further comprise a flow analysis component 44, a
pressure analysis component 46, and a volume analysis
component 48. Processor 20 may be configured to execute
components 26, 28, 34, 40, 42, 44, 46, 48, 50 and 52 by
software; hardware; firmware; some combination of soft-
ware, hardware, and/or firmware; and/or other mechanisms
for configuring processing capabilities on processor 20.

Each of the one or more computer programmed compo-
nents comprises a set of algorithms implemented on pro-
cessor 20 that instructs processor 20 to perform one or more
operations related to inexsufllation therapy, cough synchro-
nization, and/or other therapies. For example, control com-
ponent 40 comprises algorithms implemented on processor
20 that instruct processor 20 to perform controlling of
pressure generator 14 to generate the pressurized flow of
gas. Parameter analysis component 42 comprises algorithms
implemented on processor 20 that instruct processor 20 to
analyze information related to real-time measurements of
the one or more parameters associated with the gas in subject
interface 16. Decision component 50 comprises algorithms
implemented on processor 20 that instruct processor 20 to
determine whether a cough 1s 1mtiated by subject 12 based
on one or more comparison results from the parameter
analysis component 42.

Synchronization component 32 comprises algorithms
implemented on processor 20 that 1nstruct processor 20 to
send a cough synchronization signal to control component
40 based on the decision signal recerved from decision
component 50. Data processing component 26 comprises
algorithms implemented on processor 20 that instruct pro-
cessor 20 to receive output signals from sensors 18 and
process data read out from the output signals. Communica-
tion component 28 comprises algorithms implemented on
processor 20 that instruct processor 20 to perform commu-
nications within one or more components of processor 20,
and between processor 20 and other components of system
10 and/or other network components. Reference component
34 comprises algorithms implemented on processor 20 that
instruct processor 20 to define one or more reference values
used to determine whether a cough 1s mitiated by subject 12.

It should be appreciated that although components 26, 28,
34, 40,42, 44, 46, 48, 50 and 52 are illustrated in FIG. 1 as
being co-located within a single processing unit, 1n 1mple-
mentations 1 which processor 20 includes multiple process-
ing units, one or more of these components may be located
remotely from the other components. The description of the
functionality provided by the different components 26, 28,
34, 40, 42, 44, 46, 48, 50 and 52 described below 1s for
illustrative purposes, and 1s not intended to be limiting, as
any of components 26, 28, 34, 40, 42, 44, 46, 48, 50 and 52
may provide more or less Tunctionality than 1s described. For
example, one or more of components 26, 28, 34, 40, 42, 44,
46, 48, 50 and 52 may be eliminated, and some or all of 1ts
functionality may be provided by other ones of components
26,28,34,40,42, 44, 46,48, 50 and 52. As another example,
processor 20 may be configured to execute one or more
additional components that may perform some or all of the
functionality attributed below to one of components 26, 28,
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Control component 40 1s configured to control pressure
generator 14 to generate the pressurized flow of gas 1n
accordance with the inexsufllation operation mode. For
example, control component 40 may determine one or more
initial parameters related to the pressure waveform and
instruct pressure generator 14 to generate a positive pres-
surized tlow of gas to deliver to the airway of subject 12 to
begin an mexsulillation therapy cycle. The one or more 1nitial
parameters may be determined during manufacturing, deter-
mined based on real-time 1nput received at user interface 22,
determined based on historical information related to one or
more previous inexsuillation therapies recerved by subject
12, and/or determined by other methods.

Control component 40 1s further configured to dynami-
cally adjust one or more 1nitial parameter 16 based on an
output from decision component 50, and send an updated
istruction to pressure generator 14 to generate the pressur-
1zed tlow of gas accordingly. For example, 11 the output from
decision component 50 indicates that subject 12 1s attempt-
ing to cough, control component 40 nstructs pressure gen-
erator 14 to adjust the level of the pressure waveform and
switch to the exsufllation phase to assist subject 12 to
generate an eflective cough.

In some embodiments, control component 42 may control
pressure generator 14 such that the pressure support pro-
vided to the subject via the tlow of gas comprises therapy in
addition to nexsufllation. Therapy 1n addition to and/or
instead ol mmexsufllation may comprise, for example, con-
tinuous positive airway pressure support (CPAP), bi-level
positive airway pressure support, proportional positive air-
way pressure support, and/or other types of pressure support
therapy.

Parameter analysis component 42 1s configured to analyze
information related to real-time measurements of the one or
more parameters associated with the gas 1n subject interface
16. As such, parameter analysis component 42 may further
comprises a flow analysis component 44, a pressure analysis
component 46 and a volume analysis component 48. Flow
analysis component 44 1s configured to compare a tlow rate
associated with the gas in subject interface 16 with a tlow
rate threshold at the end of the msutllation phase, and send
the comparison result to decision component 50. In some
embodiments, when 1t 1s determined that the flow rate
exceeds the flow rate threshold, decision component 50
outputs a decision signal to synchronization component 52
indicating that a cough 1s 1imtiated by subject 12. Pressure
analysis component 46 1s configured to compare a pressure
level associated with the gas in subject mterface 16 with a
pressure level threshold at the end of the mnsufllation phase,
and send the comparison result to decision component 50. In
some embodiments, when it 1s determined that the pressure
level exceeds the pressure level threshold, decision compo-
nent 50 outputs a decision signal to synchronization com-
ponent 52 indicating that a cough 1s mitiated by subject 12.
Volume component 48 1s configured to compare a volume
level associated with the gas in subject interface 16 with a
volume level threshold at the end of the insufilation phase,
and send the comparison result to decision component 50. In
some embodiments, when 1t 1s determined that the volume
level exceeds the volume level threshold, decision compo-
nent 50 outputs a decision signal to synchronization com-
ponent 52 idicating that a cough 1s mnitiated by subject 12.

In some embodiments, pressure analysis component 46
may be configured to measure the velocity of the pressure
level change at the end of the insufflation phase, and
compare the velocity of the pressure level change to a
pressure wavelorm slope threshold. Once the velocity of the
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pressure level change exceeds the pressure wavelorm slope
threshold, the comparison result 1s sent to decision compo-
nent 50. In some embodiments, flow analysis component 44
may be configured to measure the velocity of the flow rate
change at the end of the insufllation phase, and compare the
velocity of the tflow rate change to a flow rate wavelorm
slope threshold. Once the velocity of the flow rate change
exceeds the flow rate wavelorm slope threshold, the com-
parison result 1s sent to decision component 50. In some
embodiments, tlow analysis component 44 may measure the
duration of an observed flow rate change at the end of the
insuiflation phase, and compare the duration to a time
threshold.

In some embodiments, pressure analysis component 46
may measure the duration of an observed pressure level
change at the end of the insufllation phase, and compare the
duration to a time threshold to determine whether a cough 1s
initiated by a subject. In some embodiments, volume analy-
s1s component 48 may measure the duration of an observed
volume level change at the end of the msutllation phase, and
compare the duration to a time threshold. It should be
appreciated that the functionalities of flow analysis compo-
nent 44, pressure analysis component 46 and volume analy-
s1s component 48 described above are for illustrative pur-
pose, and are not intended to be limiting. Flow analysis
component 44, pressure analysis component 46 and volume
analysis may be configured to analyze all aspects of the tlow
rate, pressure level and volume level 1n accordance with the
requirement of therapy. In some embodiments, tlow analysis
component 44, pressure analysis component 46 and volume
analysis component 48 may be configured to continuously
monitor the measurements associated with one or more
parameters ol gas during the entire insufllation phase, at the
end of the insufllation phase, and after the insuillation phase.

The one or more parameters analyzed by parameter
analysis component 42 may comprise, for example, one or
more of a tlow rate, pressure, a volume, humidity, tempera-
ture, acceleration, velocity, respiration rate, tidal volume,
and/or other parameters. It should be appreciated that param-
cter analysis component 42 1s not limited to comprise
components 44, 46 and 48; one or more other components
configured to analyze information related to the measure-
ments of one or more other parameters associated with the
gas 1n subject mterface 16 may also be included. Although
components 44, 46 and 48 are illustrated 1n FIG. 1 as being
separate components, these components may be integrated
as one fTunction component that is capable to perform
analysis over a plurality of parameters associated with the
gas 1n subject interface 16. The description of the function-
alities of components 44, 46 and 48 set forth above 1s for
illustrative purposes, and 1s not itended to be limiting, as
any ol components 44, 46 and 48 may provide more or less
functionality than 1s described, and may be modified and/or
upgraded to include newly developed functions. It should be
appreciated that whether a cough 1s initiated by subject 12 1s
not limited to be based on one sole parameter such as flow
rate, pressure level, volume level, and/or other parameter
associated with the gas i1n subject mterface 16; a combina-
tion of one or more comparison results with respect to one
or more parameters may be used to determine whether a
cough 1s 1nitiated by subject 12. For example, a decision
whether a cough 1s mnitiated by subject 12 1s made based on
the comparison results from flow analysis component 44 and
pressure analysis component 46.

Decision component 30 1s configured to determine
whether a cough 1s 1mitiated by subject 12 based on one or
more comparison results from the parameter analysis com-
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ponent 42. Decision component 50 may further consider one
or more other parameters related to the gas in subject
interface 16 to determine whether a cough 1s iitiated by
subject 12. Decision component 50 may be configured to
apply one or more strategies to improve the accuracy of the
determination and/or to reduce false alarm rate, which 1n
turn, leads to an eflective cough of the subject and/or
improved comiort of the subject. For example, decision
component 50 may assign a higher weight to the pressure
level comparison than the flow rate comparison 11 informa-
tion related to past therapies received by subject 12 indicates
that subject 12 1s sensitive to the pressure and has responded
better with the pressure triggered cough synchronization.
The one or more strategies and/or the one or more param-
cters that are considered by decision component 50 may be
configured during manufacturing, configured based on 1nput
received at user interface 22, configured based on past
therapy records associated with subject 12, and/or other
factors.

Synchronization component 52 1s configured to send a
cough synchronmization signal to control component 40 based
on the decision signal recerved from decision component 50.
For example, 11 the decision signal received 1s “1” which
indicates a positive detection of a cough effort of subject 12,
synchronization component 52 generates a cough synchro-
nization signal that instructs control component 40 to control
pressure generator 14 to switch immediately from the 1nsui-
flation mode to the exsufllation mode. In some embodi-
ments, 1 no positive decision signal 1s received from deci-
sion component 50, synchronization component 52
periodically communicates with control component 40 to
maintain pressure generator 14 1n the msufllation phase. The
functionalities of synchronization component 52 described
above are for illustrative purposes, and are not intended to
be limiting. Synchronization component 32 may be config-
ured to generate one or more other signals in accordance
with the one or more strategies used by decision component
50 to adjust the operation of pressure generator 14 and/or
other components of system 10.

Retference component 34 1s configured to define one or
more reference values used to determine whether a cough 1s
initiated by subject 12. In some embodiments, the one or
more reference values are measurement thresholds related to
one or more parameters associated with the gas 1n subject
interface 16. The one or more reference values may be
pre-defined at manufacturing, configured with respect to a
specified therapy or a specified subject, and/or other criteria
that are applied to improve the therapy eflicacy. In some
embodiments, the one or more references may be configured
by user 36 based on the analysis of historical information
related to past therapies on a plurality of subjects.

Data processing component 26 1s configured to receive
output signals from sensors 18 and process data read out
from the output signals so that reliable information 1is
forwarded to parameter analysis component 42. Data col-
lected from sensors 18 may sometimes comprise one or
more types of noise signals from the surrounding environ-
ment and/or from other sources that affect the accuracy of
information read out from the output signals. For example,
a noise signal may magnily the measured pressure level at
the end of mnsufllation phase, thus, triggering a synchroni-
zation signal which 1s earlier than an actual cough of subject
12. As such, a transition from the nsufllation phase to the
exsuillation phase draws air from the airway of subject 12
while subject 12 1s not ready to cough, causing discomiort
of subject 12. Data processing component 26 may be con-
figured to filter out the added noise signals based on one or
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more algorithms such that data after filtering provides more
accurate information related to the real-time measurements
of the one or more parameters.

Communication component 28 1s configured to perform
communications within one or more components of proces-
sor 20, and between processor 20 and other components of
system 10 and/or other network components. In some
embodiments, communication component 28 communicates
with server 38 remotely connected to network 56 and
downloads one or more software packages from electronic
storage 24 to modily and/or upgrade the functionalities of
one or more components of processor 20. In some embodi-
ments, communication component 28 communicates with
clectronic storage 24 locally connected to processor 20 or
remotely connected to network 56 to retrieve historical
information related to past therapies associated with a plu-
rality of subjects, and provide the historical information to
user 36 to determine and/or adjust one or more parameters
associated with the pressurized flow of gas. The present
disclosure contemplates any techniques for communication
including but not limited to hard-wired and wireless com-
munications.

Electronic storage 24 1s configured to electronically stores
information 1n an electronic storage media. Electronic stor-
age 24 may comprise one or more ol optically readable
storage media (e.g., optical disks, etc.), magnetically read-
able storage media (e.g., magnetic tape, magnetic hard drive,
floppy drive, etc.), electrical charge-based storage media
(e.g., EPROM, RAM, etc.), solid-state storage media (e.g.,
flash drive, etc.), and/or other electronically readable storage
media. The electronic storage media of electronic storage 24
may comprise one or both of system storage that 1s provided
integrally (i.e., substantially non-removable) with system 10
and/or removable storage that 1s removably connectable to
system 10 via, for example, a port (e.g., a USB port, a
firewire port, etc.) or a drive (e.g., a disk drive, etc.).
Electronic storage 24 may store software algorithms, infor-
mation determined by processor 20, mformation recerved
via user interface 22, and/or other information that enables
system 10 to function properly.

User mterface 22 1s configured to provide an interface
between system 10 and user 36. This enables data, results,
and/or 1instructions and any other communicable items,
collectively referred to as “information,” to be communi-
cated between user 36 and one or more of subject interface
16, processor 20, and/or other components of system 10. For
example, user 36 may input a pressure level threshold for a
cough synchronization therapy cycle and the mputted pres-
sure level threshold 1s transmitted to processor 20 for further
analysis. In some embodiments, information entered
through user interface 22 to system 10 may include inexsui-
flation therapy 1nitial percussive pressure wavetorm params-
eters, frequency range, an oscillating flow rate amplitude
eflectiveness threshold, and/or other information. Interface
devices suitable for inclusion 1n user interface 22 include a
keypad, buttons, switches, a keyboard, knobs, levers, a
display screen, a touch screen, speakers, a microphone, a
printer, and/or other interface devices. In some embodi-
ments, user iterface 22 includes a plurality of separate
interfaces. In some embodiments, user 36 includes subject
12, a clinician, a nurse, an interested party, and/or any other
entities.

Network 56 1s configured to transmit information among
a plurality of network components. For example, network 56
receives mputs from user 36 at user interface 22 related to
the configuration of one or more parameters associated with
the gas for a therapy cycle, and transmits the inputs to
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processor 20 for further processing. In some embodiments,
a request mputted via user iterface 22 1s received at server
38 via network 56 to retrieve historical information related
to past therapies on a plurality of subjects for analysis.
Network 56 forwards an instruction from server 38 to
retrieve the requested historical information related to past
therapies on a plurality of subjects from electronic storage
24. Network 56 may be a single network or a combination
of multiple networks. For example, network 56 may be a
local area network (LAN), a wide area network (WAN), a
public network, a private network, a proprietary network, a
Public Telephone Switched Network (PSTN), the Internet, a
wireless communication network, a virtual network, and/or
any combination thereof.

FIG. 2 illustrates an exemplary embodiment of cough
synchronization based on a pressure wavelorm associated
with breathable gas 1n a subject interface communicated to
an airway ol a subject. An msufllation cycle begins at time
202. Accordingly, the pressure level associated with the gas
in subject interface 16 starts to increase and reaches a
plateau at the end of the msufllation cycle. IT at the end of
the msufllation cycle, an increase in the pressure level 1s
observed at time 204, which may indicate a short inflow to
the airway of subject 12, patient cough detection automati-
cally starts. When the pressure level is increased to exceed
a pressure level threshold at time 206, cough synchroniza-
tion 1s triggered and pressure generator 14 1in FIG. 1 auto-
matically switches to the exsufllation cycle to assist with the
patient’s cough.

FIG. 3 illustrates an exemplary embodiment of cough
synchronization based on a flow wavelorm associated with
breathable gas in the subject interface communicated to the
airway ol a subject. As illustrated 1n FIG. 3, the flow rate
slowly decreases to near zero at the end of the msufflation
cycle. IT a rapid decrease i1s observed at the end of the
insuillation cycle at time 304, which may indicate an outtlow
being generated 1n subject interface 16, patient cough detec-
tion automatically starts. When the magnitude of the flow
rate decreasing exceeds a flow rate threshold at time 306,
cough synchronization 1s triggered and pressure generator
14 automatically switches to the exsuillation cycle to assist
with the patient’s cough.

FIG. 4 illustrates an exemplary embodiment of cough
synchronization based on a volume waveform associated
with breathable gas 1n the subject interface communicated to
the airway of a subject. As illustrated in FIG. 4, a total
volume level associated with the gas in subject interface 16
approaches maximum at the end of the insufllation cycle. If
a volume level drop 1s observed at the end of the msufllation
cycle at time 404, which may indicate an eflort to cough 1s
made by the subject, the cough detection automatically
starts. When the volume level drops to be less than a volume
level threshold at time 406, cough synchronization 1s trig-
gered and pressure generator 14 automatically switches to
the exsufllation cycle to assist with the patient’s cough.

FIG. 5 illustrates an exemplary embodiment of cough
synchronization based on a pressure waveform slope asso-
ciated with breathable gas in the subject interface commus-
nicated to the airway of a subject. As illustrated 1n FIG. 5,
patient cough detection starts at time 504 when an increase
in the pressure level 1s observed. System 10 measures the
velocity of the pressure level increase continuously. Once
the velocity of the pressure level exceeds a pressure wave-
form slope threshold at time 506, cough synchronization 1s
automatically triggered, and the exsutllation cycle 1s started.

FIG. 6 illustrates an exemplary embodiment of cough
synchronization based on a flow waveform slope associated
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with breathable gas in the subject interface communicated to
the airway of a subject. As illustrated i FIG. 6, patient
cough detection starts at time 604 when a decrease 1n the
flow rate 1s observed. System 10 measures the velocity of the
flow rate decrease. Once the velocity of the flow rate
exceeds a flow wavetorm slope threshold at time 506, cough
synchronization 1s automatically triggered.

FIG. 7 illustrates an exemplary flowchart of the process
for cough synchronization implemented on system 10. The
operations of the illustrated process presented below are
intended to be illustrative. In some embodiments, the pro-
cess may be accomplished with one or more additional
operations not described, and/or without one or more of the
operations discussed. Additionally, the order 1n which the
operations of the process as illustrated in FIG. 7 and
described below 1s not intended to be limiting.

At operation 702, a pressurized flow of breathable gas 1s
generated for delivery to an airway of the subject. In some
embodiments, operation 702 1s performed by a pressure
generator the same as or similar to pressure generator 14
(shown 1n FIG. 1 and described herein).

At operation 704, the pressurized flow of breathable gas
1s communicated to the airway of the subject. In some
embodiments, operation 704 1s performed by a subject
interface the same as or similar to subject interface 16
(shown 1n FIG. 1 and described herein).

At operation 706, output signals related to one or more
parameters associated with gas in the subject interface 1s
generated. In some embodiments, operation 706 1s per-
formed by sensors the same as or similar to sensors 18
(shown 1n FIG. 1 and described herein).

At operation 708, the one or more parameters associated
with gas in the subject interface 1s compared with one or
more reference values that indicate cough eflort by the
subject. In some embodiments, operation 708 1s performed
by a parameter analysis component the same as or similar to
parameter analysis component 42 (shown i FIG. 1 and
described herein).

At operation 710, an 1mitiation of a cough by the subject
1s determined based on the comparison. In some embodi-
ments, operation 710 1s performed by a decision component
the same as or similar to decision component 50 (shown 1n
FIG. 1 and described herein).

At operation 712, a transition of the pressure generator
from the insufilation mode to the exsufilation mode 1s
synchronized with the iitiation of the cough by the subject.
In some embodiments, operation 712 1s performed by a
synchronization component the same as or similar to syn-
chronization component 52 (shown 1n FIG. 1 and described
herein).

At operation 714, the pressure generator 1s controlled to
generate the pressurized tlow of breathable gas for delivery
to the arrway to exsufllate the subject. In some embodi-
ments, operation 714 1s performed by a control component
the same as or similar to control component 40 (shown in
FIG. 1 and described herein).

FIG. 8 illustrates another exemplary flowchart of the
process for cough synchronization. It should be appreciated
that the operations of the illustrated process presented below
are 1ntended to be illustrative. In some embodiments, the
process may be accomplished with one or more additional
operations not described, and/or without one or more of the
operations discussed. Additionally, the order in which the
operations ol the process as illustrated in FIG. 8 and
described below 1s not intended to be limiting.

At operation 802, a cough synchronization mode 1s
enabled. In some embodiments, operation 802 1s performed
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in accordance with 1nput received at user interface the same
as or similar to user interface 22 (shown i FIG. 1 and
described herein), and processed by a control component the
same as or similar to control component 40 (shown 1n FIG.
1 and described herein).

At operation 804, a trigger method and one or more preset
values are selected. In some embodiments, operation 804 1s
performed in accordance with 1mput received at user inter-
face the same as or similar to user interface 22 (shown 1n
FIG. 1 and described herein), and processed by a control
component the same as or similar to control component 40
(shown 1n FIG. 1 and described herein).

At operation 806, the msufllation cycle starts. In some
embodiments, operation 806 1s performed by a pressure
generator the same as or similar to pressure generator 14
(shown 1n FIG. 1 and described herein).

At operation 808, a time interval of 500 milliseconds 1s
imposed at the end of the msuillation cycle to prevent false
triggering of cough synchronization. In some embodiments,
operation 808 1s performed by a control component the same
as or similar to control component 40 (shown in FIG. 1 and
described herein).

At operation 810, a decision whether a cough 1s 1nitiated
by a subject 1s made based on the comparison of a pressure
level associated with the gas 1n a subject interface with a
preset pressure level value. In some embodiments, operation
810 1s performed by a pressure analysis component the same
as or similar to pressure analysis component 46 (shown 1n

FIG. 1 and described herein).

At operation 812, a decision whether a cough 1s 1nitiated
by a subject 1s made based on the comparison of a flow rate
associated with the gas 1n a subject interface with a preset
flow rate value. In some embodiments, operation 812 1is
performed by a flow analysis component the same as or
similar to flow analysis component 44 (shown 1n FIG. 1 and
described herein).

At operation 814, a decision whether a cough 1s mnitiated
by a subject 1s made based on the comparison of a volume
level associated with the gas 1n a subject interface with a
preset volume level value. In some embodiments, operation

814 1s performed by a volume analysis component the same
as or similar to volume analysis component 48 (shown 1n
FIG. 1 and described herein).

At operation 816, a decision whether a cough 1s mnitiated
by a subject 1s made based on the comparison of a pressure
level associated with the gas 1n a subject interface with a
preset pressure level value and the comparison of a flow rate
associated with the gas 1n a subject interface with a preset
flow rate value. In some embodiments, operation 816 1is
performed by a pressure analysis component the same as or
similar to pressure analysis component 46, and a flow
analysis component the same as or similar to flow analysis
component 44 (shown 1n FIG. 1 and described herein).

At operation 818, a decision whether a cough 1s 1nitiated
by a subject 1s made based on the comparison of a pressure
wavetorm slope associated with the gas 1n a subject interface
with a preset pressure wavelorm slope value. In some
embodiments, operation 810 1s performed by a pressure
analysis component the same as or similar to pressure
analysis component 46 (shown i FIG. 1 and described
herein).

At operation 820, a decision whether a cough 1s mnitiated
by a subject 1s made based on the comparison of a flow rate
slope associated with the gas 1n a subject interface with a
preset tlow slope value. In some embodiments, operation
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812 1s performed by a flow analysis component the same as
or similar to flow analysis component 44 (shown 1n FIG. 1
and described herein).

At operation 822, a decision whether a cough 1s mitiated
by a subject 1s made based on whether a change observed in
measurements related to one or more parameters associated
with the gas 1n a subject interface continues to exceed a
preset time value. In some embodiments, operation 822 1s
performed by one or more of a flow analysis component, a
pressure analysis component and a volume analysis com-
ponent, which are the same as or similar to flow analysis
component 44, pressure analysis component 46 and volume
analysis component 48, respectively (shown in FIG. 1 and
described herein).

At operation 824, the mnsufllation cycle starts. In some
embodiments, operation 806 1s performed by a pressure
generator the same as or similar to pressure generator 14
(shown 1n FIG. 1 and described herein).

In the claims, any reference signs placed between paren-
theses shall not be construed as limiting the claim. The word
“comprising” or “including” does not exclude the presence
of elements or steps other than those listed 1n a claim. In a
device claim enumerating several means, several of these
means may be embodied by one and the same item of
hardware. The mere fact that certain elements are recited in
mutually different dependent claims does not indicate that
these elements cannot be used in combination.

Although the description provided above provides detail
for the purpose of illustration based on what 1s currently
considered to be the most practical and preferred embodi-
ments, 1t 1s to be understood that such detail 1s solely for that
purpose and that the disclosure 1s not limited to the expressly
disclosed embodiments, but, on the contrary, 1s intended to
cover modifications and equivalent arrangements that are
within the scope of the appended claims. For example, 1t 1s
to be understood that the present disclosure contemplates
that, to the extent possible, one or more features of any
embodiment can be combined with one or more features of
any other embodiment.

The 1nvention claimed 1s:

1. A mechanical insufflation-exsufilation system, the sys-
tem comprising:

a pressure generator configured to operate 1n:

an insuillation mode, wherein the pressure generator
generates a positive pressurized flow of breathable
gas for delivery to an airway of a subject via a
subject interface, and

an exsulllation mode, wherein the pressure generator
generates a negative pressurized flow of breathable
gas to draw gas from the airway of the subject via the
subject interface;

one or more sensors configured to generate output signals

related to one or more parameters associated with gas
in the system; and

one or more processors operatively connected to the one

or more sensors to receive the output signals and
configured to:
during the insufllation mode, determine an initiation of
a cough by the subject based on one or more of:
a decrease of a flow rate associated with the breath-
able gas 1n the subject interface,
an 1crease ol a pressure level associated with the
breathable gas in the subject interface,
an 1crease ol a pressure wavelorm slope associated
with the breathable gas in the subject interface in
comparison with a preset pressure wavetform slope
value, and/or
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a decrease of a flow rate slope associated with the
breathable gas 1n the subject interface in compari-
son with a preset flow slope value;

synchronize a transition of the pressure generator from
the insufllation mode to the exsufllation mode with
the mitiation of the cough by the subject without
manual configuration; and
control generation and delivery of the pressurized tlow
of breathable gas to the airway of the subject 1n the
exsuillation mode to exsuillate the subject.

2. The system of claim 1, whereimn the one or more
processors operatively connected to the one or more sensors
to recerve the output signals are configured to determine the
initiation of the cough by the subject based on the decrease
of the flow rate associated with the breathable gas in the
subject 1nterface.

3. The system of claim 2, wherein the decrease of the flow
rate associated with the breathable gas 1n the subject inter-
face 1s an abrupt decrease.

4. The system of claim 1, whereimn the one or more
processors operatively connected to the one or more sensors
to receive the output signals are configured to determine the
initiation of the cough by the subject based on the increase
of the pressure level associated with the breathable gas 1n the
subject interface.

5. The system of claim 4, wherein the increase of the
pressure level associated with the breathable gas i the
subject interface 1s an abrupt increase.

6. The system of claim 1, wherein the one or more
processors operatively connected to the one or more sensors
to receive the output signals are configured to determine the
initiation of the cough by the subject based on the increase
of the pressure wavelorm slope associated with the breath-
able gas in the subject interface 1n comparison with the
preset pressure wavelorm slope value.

7. The system of claim 1, wheremn the one or more
processors operatively connected to the one or more sensors
to receive the output signals are configured to determine the
initiation of the cough by the subject based on the decrease
of the flow rate slope associated with the breathable gas 1n
the subject interface in comparison with the preset flow
slope value.

8. A method of cough synchronization 1n a mechanical
insuiilation-exsufilation system, the method comprising:

generating a pressurized tlow of breathable gas for deliv-
ery to an airway of the subject in an msuillation mode
and an exsufflation mode;

during the msufflation mode, determining an initiation of
a cough by the subject based on one or more of;

a decrease of a tflow rate associated with the breathable
gas 1n the subject interface,

an increase ol a pressure level associated with the
breathable gas in the subject interface,

an 1crease of a pressure wavelorm slope associated
with the breathable gas in the subject interface 1n
comparison with a preset pressure wavelorm slope
value, and/or

a decrease of a flow rate slope associated with the
breathable gas in the subject interface 1n comparison
with a preset tlow slope value; and

synchronizing a transition of the pressure generation from
the mnsufllation mode to the exsutilation mode with the
initiation of the cough by the subject.

9. The method of claim 8, wherein the initiation of the
cough by the subject 1s determined based on the decrease of
the tlow rate associated with the breathable gas 1n the subject
interface.
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10. The method of claim 9, wherein the decrease of the
flow rate associated with the breathable gas 1n the subject
interface 1s an abrupt decrease.

11. The method of claim 8, wherein the 1nitiation of the
cough by the subject 1s determined based on the 1increase of 5
the pressure level associated with the breathable gas 1n the
subject interface.

12. The method claim 11, wherein the increase of the
pressure level associated with the breathable gas in the
subject mterface 1s an abrupt increase. 10

13. The method of claim 8, wherein the 1nitiation of the
cough by the subject 1s determined based on the increase of
the pressure wavelorm slope associated with the breathable
gas 1n the subject interface in comparison with the preset
pressure wavetorm slope value. 15

14. The method of claim 8, wherein the 1nitiation of the
cough by the subject 1s determined based on the decrease of
the tflow rate slope associated with the breathable gas 1n the
subject 1mnterface in comparison with the preset flow slope
value. 20

18
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